We studied the effects of different rates of postnatal body growth on the growth of rat myocytes. Growth rates were altered by adjusting the number of newborn animals per litter to 4 (fast-growing), 8 (normal), or 16 (slow-growing). On the 21st postnatal day, average left ventricular weights (mg ± SEM) were 80 ± 5 in slowgrowing 131 ± 8 in normal, and 183 ± 5 in fast-growing rats. Average myocyte diameters, obtained from direct microscopic measurements in longitudinal sections prepared from eight animals in each group, were 8.6 ± 0.3, 9.8 ± 0.2, and 10.2 ± 0.3 fim, respectively. The total number and total length of myocytes constituting the left ventricle were estimated, assuming a constant length-to-width ratio and cyclindrical model of myocytes. The estimated total number of myocytes constituting the respective left ventricles were 23.6 ± 2.0, 24.5 ± 2.2, and 31.1 ± 2.1 millions. All differences between experimental groups were significant by analysis of variance. When the estimated total numbers of myocytes and their estimated total lengths were related to the left ventricular weights, a significant linear correlation was obtained, which indicated their dependence on the organ growth and their relative independence of age. These indications were strengthened further by analysis of covariance, which showed that the differences in all morphometric data among the three groups of hearts may be explained entirely by different growth rates of the left ventricle. These results also suggest that the accelerated growth of the heart during the early postnatal period is associated with increased proliferation of myocytes.
selected from a group of 174 rats killed in our previous experiments in which the effect of the above nutritional interventions on the allometric growth of different organs was investigated. 7 In the present experiments the diameters of left ventricular myocytes were measured directly on longitudinal sections. Afterwards, the total numbers of myocytes constituting the respective left ventricles were estimated. An attempt was made to determine the effect of alteration of cardiac growth on the proliferation of cardiac myocytes which normally is observed during the early postnatal period.
Methods
Albino Sprague-Dawley laboratory rats were studied. The detailed experimental protocol for the nutritional intervention and its effect on organ growth already has been published. 7 Briefly, three experimental groups were designated based on the number of newborn rats suckled by a single dam: fast-growing animals (4 rats per litter), normally growing animals (8 rats per litter) and slowgrowing animals (16 rats per litter). All the animals were killed on the 21st postnatal day by decapitation and, from a total of 174 rats in 22 litters, 8 male rats from each experimental group were selected randomly for detailed morphometric analysis. A small piece of the apical portion of the left ventricle was used for measurement of the tissue water content. Water content was determined by weighing before and after drying to a constant weight. The rest of the left ventricular free wall, together with the septum from these animals, was fixed in neutral formol, and periodic acid-Schiff (PAS)-fast green-stained paraffin sections were prepared, using routine techniques. Paraffin sections, 9 /i.m thick, were cut at one third of the distance between the apex and base of the heart. The muscle fibers display a characteristic organization within the ventricular wall. Their orientation is nearly vertical at both epicardial and endocardial surfaces. In moving through the ventricular wall, fiber direction undergoes a progressive change such that fibers in the middle third of the wall are oriented circumferentially. Therefore, this central part of circumferentially oriented muscle fibers contains longitudinal sections which were used for our measurements. Muscle cell diameter was measured directly on these longitudinal sections, using a screw micrometer eye-piece with a resolution of 0.2 /urn. This method tends to underestimate the average diameter because some muscle fibers are cut outside the longitudinal axis of the cell, and their diameter measured on the longitudinal section is smaller than their true diameter. The degree of underestimation depends primarily on the thickness of the section and on the true diameter. Therefore, all the measured diameters were corrected subsequently for the above underestimation, as outlined in detail in the Appendix.
In each heart, the diameters of 400-600 muscle cells were measured to reduce the sampling error to less than 1%. The number of measurements, N, necessary to reduce a sampling error to less than 1 % of the mean cell diameter was calculated as follows: Relative standard error in % = 100 SEM/X = (SDA/N/X) • 100 and, therefore, N = (100 SD/X) 2 , where SEM = standard error of the mean, SD = standard deviation, and x = the mean diameter. The results are presented in three forms: diameter of muscle cells, estimated total length of muscle cells, and estimated total number of muscle cells.
The total length of all myocytes in a sample of cardiac tissue may be calculated if we know the following references: the total volume of the sample, its fraction occupied by cardiac myocytes only, and their average cross-sectional area, assuming a cylindrical model for each cell. The total volume of the sample may be derived from its weight, assuming that the density of cardiac tissue is close to 1 and remains relatively unchanged. The fraction of the total volume occupied by myocytes only is, for practical purposes, equivalent to cellular space. This volume (Vi) may be estimated by subtracting the volume of the extracellular space from the total volume of the sample on the assumption that their ratio is the same as the one observed in histological sections. In our experiments, this ratio was measured for each heart, using the method of points counting on histological cross-sections." The average cross-sectional area, however, cannot be calculated from the mean values of measured radii because of the Poisson distribution of these data. Therefore, we subdivided these data into classes, each having an interval of 1 fj,m, and the total length of all muscle cells (Li) then was calculated as follows:
where L, = total length of all muscle cells, V! = total cellular volume, Ni = total number of muscle cells, 0, R = range of measured radii, x = mid-values of arbitrary classes of measured radii. Subsequently, Ni may be calculated by dividing Lj by the length of the individual muscle cells. These lengths were estimated by multiplying the cellular width (diameter) with a constant factor (5.3), which is based on a reported constant length-to-width ratio of 5.3 in enzymatically isolated cardiac muscle cells from rats of different ages and body weights. 9 The sarcomere lengths of these isolated myocytes were between 1.77 and 1.89 /nm and were independent of age or size of the rat. These data indicate a harmonic, proportional length-to-width growth of myocytes which was postulated earlier. 10 Taking into consideration the Poisson distribution of muscle cell diameters, the total number of muscle cells was calculated as N, = 10.6TT
x 3 n 1 (x)dx (2) Finally, the results were evaluated by Student's /-test, analysis of variance, and analysis of covariance, with left ventricular weight as a concomitant variable. 
Results
The results are summarized in Tables 1 and 2 ventricular free wall and septum varied from 57 to 205 mg, with average values of 80 mg in the slow-growing rats from large litters, 131 mg in rats from medium-sized litters, and 183 mg in fast-growing rats from small litters. The average diameters of muscle cells in these three experimental groups were 8.6, 9.8, and 10.2 /xm, respectively. The relationship between the diameter of muscle cells and left ventricular weight is depicted in Figure 1 , and the relative frequency distribution of cell diameters in the three experimental groups is shown in Figure 2 . The total length of all muscle cells increased from an average value of 1148 m in slow-growing rats to 1417 m in medium and to 1865 m in fast-growing rats. If one plots the total length of all muscle cells against left ventricular weight, a significant linear correlation is obtained (correlation coefficient = 0.843, P < 0.001, Figure  1) .
RELATIVE FREQUENCY DISTRIBUTION OF CELL DIAMETERS
Mean values of the estimated total number of muscle cells constituting the free wall of the left ventricle and septum in our experimental groups were 23.6, 24.5, and 31.2 x 10", respectively. The relationship between the total number of cells and the respective left ventricular weights also is depicted in Figure 1 . The correlation coefficient in this case was smaller (0.527), but it remained statistically significant (P < 0.01).
Finally, the differences in the diameters of muscle cells, total length, and total number of muscle cells among the groups were evaluated by analysis of variance. All these differences were statistically significant, as documented in Table 2 . Analysis of covariance with the left ventricular weight as a concomitant variable showed no significant difference, thus indicating the dependence of the above morphometric data on organ size only. Therefore, the significant differences in diameters of muscle cells, total length, and total number of muscle cells can be explained solely on the basis of different growth rates of the left ventricle.
Discussion
When studying the growth of the heart with respect to cellular hypertrophy or hyperplasia, the investigator is faced first, with the problem of obtaining a representative sample from a rather heterogeneous cardiac tissue and, second, with the problem of selecting a technique which would determine either the average volume of myocytes or their total number per unit volume of tissue. Basically, two approaches have been utilized in the past -the biochemical (e.g., Ref. 1) and morphological (e.g., Ref. 21) .
The biochemical approach depends on determination of total DNA per sample, assuming that this compound is confined to the nuclei only and is present in a constant amount per diploid nucleus. The representative sampling in this approach is adequate, but the interpretation of the results is complicated by the presence of a large number of nuclei from interstitial cells and also by the potential multiplication of DNA with or without subsequent division of the nuclei (polyploidy and polynucleation).
The morphological approach is highly specific (interstitial cells may be identified; polynucleation and polyploidy may be recognized) but is poor in terms of obtaining a representative sample which would minimize the heterogenity of the cardiac muscle. This approach offers several techniques based on nuclear staining and subsequent evaluation of either nuclear proliferation (histoautoradiography) or of nuclear counts per volume of tissue (nuclear density). In both cases, the possible appearance of polyploidy and/or polynucleating usually is not taken into account because the former would require cytophotometric screening of a large number of nuclei, whereas the latter requires serial sectioning of the tissue with subsequent reconstruction of individual myocytes and counting of nuclei per cell.
An alternate morphological approach is to measure some cellular dimensions directly, as we did in the present study. From these data, the average cellular volume can be derived and the estimate of the total number of cells constituting the left ventricle can be obtained, at least in principle. In previous reports on cellular dimensions in both cardiac and skeletal muscles, the diameters of muscle cells were measured in histological cross-sections, assuming a cylindrical model of the cells. 10 The diameters either were measured directly in a number of individual myocytes or were estimated indirectly. In the case of direct measurements, a difficulty arises from the fact that the cells are not always cut perpendicularly to their long axis and, therefore, their cross-sections appear to be elipsoid rather than circular. For this reason, some authors measured only the shortest diameter of the muscle cells," whereas another measured at least two diameters per cell. 12 " 14 The indirect estimation is based on measuring first the total area which is covered in a histological crosssection of the heart by myocytes only and subsequently dividing this area by the number of myocytes in that cross-section. 15 Thus the average diameter could be derived, and the extracellular space estimated, as the difference between the overall area of examined sections and the area covered by myocytes only. All these techniques are time consuming and subjected to a relatively large individual error.
In contrast to the above, the direct measurement of diameters on longitudinal sections of the myocytes appears to be faster and less subjective. In this case, some cells are cut outside their longitudinal axis and, consequently, their diameters are underestimated, which thus far has precluded the use of this technique. However, in a series of tissue slices, the degree of underestimation may, as we propose, be predicted and the underestimation may be corrected (see Appendix). Thus, representative cell diameters may be derived and related to the growth of the heart.
If, in addition to the above, we could measure the lengths of the myocytes in the same tissue slices, we then could calculate the cellular volumes, assuming a cylindrical model. The measurement of lengths is rather difficult, because only in a limited number of longitudinally cut cells can both ends be clearly identified. Therefore, it was not possible to obtain a representative sample of myocardial cells in which both cellular width and length were measured simultaneously. This explains a relative paucity of data on length of myocytes. In the adult dog heart the average length of myocytes is 71 fxm, according to Laks and coworkers. 16 If one compares these results with reported values of average diameter as 14 /am, 17 the resulting length-to-width ratio would be 5.1 which is very close to our ratio of 5.3 which was used in the present study.
For the present experiments we decided to use some of our morphometric data, obtained previously in enzymatically isolated rat cardiac myocytes, where both the length and the width of individual cells could be measured directly. These data showed that the length-to-width ratio of isolated myocytes having an average of 5.3 remained constant within a broad range of heart weights and body VOL. 42, No. 2, FEBRUARY 1978 weights in normal male rats. 9 Under the light microscope, a majority of individual myocytes obtained by this technique appeared similar to those in histological sections and exhibited distinct cross-striation. However, their sarcomere lengths (1.79-1.89 /urn) indicated a partial contracture, which most probably occurred during the enzymatic disruption of the heart with collagenase and hyaluronidase and could not be prevented or subsequently reversed by available techniques of Ca' 2+ buffering. Consequently, we may expect that the length-to-width ratio would be higher in cells with normal resting sarcomere lengths (around 2.0 /urn). Since the degree of contracture was independent of age or size of the rat, we may also expect that this length-to-width ratio would remain constant during the life-span of the animal. Therefore, in the reported experiments, the above ratio of 5.3 was used for the estimation of cellular lengths and volumes. Conclusions from our experiments are valid for any values of this ratio, provided that the length-to-width relationship of the myocytes remains constant.
The histological sections in which the cell diameters were to be determined were prepared from the region of the largest equatorial circumference. Due to the small weights of the left ventricles in our young rats (60-200 mg), the entire section of the ventricular wall was investigated and between 400 and 600 cellular diameters were directly measured in each heart. Therefore, practically all layers of longitudinal sectioned muscle cells present in the section were represented. The sampling error was reduced to less than 1%, as outlined in the description of the method. In view of this we believe that our sampling was representative and the accuracy of the measurement acceptable.
The estimation of the total number of muscle cells in our experiment was achieved by dividing the total volume of all muscle cells by the average cellular volume. The total volume of muscle cells was estimated from the total volume of myocardial tissue corrected for extracellular space. The total volume of myocardial tissue was assumed to be directly proportional to its weight. As there was no significant difference in the dry-to-wet weight ratio among the individual groups, the density of the myocardial tissue was considered constant. The extracellular space was estimated by the histological method of "points counting," which seems to be a reliable estimate of the extracellular space and of the space occupied by muscle cells only, as demonstrated by Polimeni. 18 Once again, the fraction of extracellular space was the same in tissue samples from rats in all experimental groups.
As indicated previously, the primary objective of the present study was to investigate the quantitative cellular aspects of normal cardiac growth as compared to accelerated and slowed myocardial growth. The cell diameters were determined first; from this, the volume of myocytes was calculated and then the total number of cells constituting the respective left ventricle was estimated and related to growth rate. The accuracy of this estimate of the total number of cells depends primarily on the measurement of the diameters, on the length-to-width ratio of the cell, and on the utilization of an appropriate model for calculation of cell volume.
Only for the first of the above factors could we find comparable data in the literature. The average diameters of cardiac myocytes in the rat of similar age were reported for seven normal rats as 10.5 /xm u and for one rat as 11.4 /itn," which are values relatively close to our present data. However, no information on the relative distribution of cell diameters within the heart have been available so far. Our data indicate unimodal Poisson type distribution (Fig. 2) which is in agreement with similar study on skeletal muscle fibers in postnatal period of mice. 20 Several investigators attempted to estimate the number of cells per mammalian heart by using the "nuclear dilution" technique. The total number of myocytes constituting the adult rat heart, having an approximate weight of 1 g, was given as 9 x 10 7 . 2 ' In the human heart the total number was estimated as 2 x 10 9 , 22 which is approximately 1 x 10 7 /g of tissue. All the above results seem to be of the same order of magnitude as our present estimates of 2-4 x 10 7 cells per left ventricle. The higher numbers reported by others for rat myocardium 21 were based on estimates for the total heart. In addition, the difference could also be explained by binucleation of some of the cardiac myocytes and perhaps by minor contribution of fibroblast nuclei, which are sometimes difficult to distinguish from those of the myocytes.
As mentioned in the introduction, the possibility of proliferation of cardiac myocytes in the early postnatal period has been postulated for some time as a temporary continuation of intrauterine development. Subsequently, some support for this concept was derived from experiments showing limited mitotic activity which persisted after birth but which practically ceased to exist by the fourth postnatal week. 23 " 24 Our present experiments indicate that the rate of cardiac cellular proliferation may be influenced by the rate of growth of the whole heart and may be relatively independent of age during the early postnatal period. It appears that the total number of myocytes in the heart does not seem to be programmed to a constant number, related only to age, but may also be affected by the growth of the rat during the postnatal period. Whether this difference in the total number of myocytes between the slow-and fast-growing rats would persist, or would be corrected later in life, remains to be shown. It also appears that our approach of measuring cellular diameters from longitudinal sections with subsequent correction for frequency distribution and underestimation may become a useful morphometric tool for the determination of the size of cardiac myocytes.
Appendix
The following is the derivation of the mathematical expression for the frequency distribution of the radius of cylindrical muscle cells stacked in parallel.
We assume that the probability that the axis of one muscle fiber of radius x lies in the longitudinal slice of thickness A is \ X A, and the probability of occurrence of more than one fiber in the slice A is O (A 2 ). Further, we assume that the distribution of the fibers in non-overlapping slices is statistically independent. It can be shown that these assumptions lead to a Poisson distribution of the fibers in the tissue medium. Hence, if observations are made on a sample of thickness, t, and if N,(x) represents the random variable for the number of fibers of radius, x, whose axes lie in the sample slice, then P"(N,(x) = s] = exp(-\ x t) (\ x t) s /s! (A.I)
Consequently, the expected number in the sample is
It may be noted that all fibers whose axes lie inside the sampled thickness will have their true radii observed. Those fibers that are sectioned at the interfaces may have their radii misclassified.
If N(x) represents the random variable for the observed number of radius x in the sample, then N(x) = N,(x) + N 2 (x) (A.3)
where N 2 (x) represents the random variable for the number of fibers whose radii may get misclassified as x in the sample.
Using the assumptions we have made, the mathematical expression for N 2 (x) can be derived by using By equating the observed frequency to the expected frequency, we can solve Equation A.9 to obtain n^x), the true expected density distribution of the radii in the sample.
Dividing the interval [0,R] into m parts as x,,, x, . . . x m and assuming the frequencies in each subinterval as concentrated at the mid point, viz., .i = l , 2 , --m (A.10)
x + dx
A computer program to solve the set of Equations A.ll has been written which obtains the true expected frequency distribution from the observed frequency distribution in a sample.
The assumption of circularity for muscle fibers is not essential. The implication of other shape distributions will be reported separately.
The mathematical part of this argument has been developed by Dr. S. Raman. The computer program in BASIC is available from this author.
